We have measured the far-field angular distributions of high harmonics (orders 11 -41) generated by a 1-p,m, 1-ps laser pulse [(0.3 -3) X 10 W/cm ] in low-density Ar, Kr, and Xe targets (~1 Torr, 1-mm thick).
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The far-field harmonic distributions show a narrow central structure surrounded by broad wings that contain approximately 75% of the harmonic energy. Low-density targets and f/70 focusing were used to minimize phase mismatches due to ionization and propagation effects, thereby isolating the single-atom contribution to the response. The wings indicate an intensity-dependent phase of the atomic harmonic emission. PACS number(s): 42.65.Ky, 32.80.Rm
Laser high-harmonic generation in the noble gases is currently an active area of research. Investigations of these harmonics have so far focused almost exclusively on laser intensity and on propagation effects [1, 2] . The extent of harmonic orders has been explored, and photon energies in excess of 100 eV have been observed by a number of groups [2 -6] . The generation of high-order harmonics by a laser in an atomic medium can be influenced by several factors: the single-atom response to the laser field, propagation effects (phase mismatches, etc. ) due to the wavelength-dependent index of refraction of both the neutral atomic and ionized media, and the geometrical propagation effects inherent in the diffraction associated with a laser focus [1,2,7 -9] . In this work we report experiments designed to illuminate the single-atom response to the laser, via a study of the far-field pattern of the emitted harmonics. Our data suggest that the atomic dipole moment responsible for high-order harmonics undergoes phase changes near the peak of the laser pulse and that these are dependent on atomic species. By itself this is not surprising, but our experiments indicate that harmonic angular distributions are a way to study these phase changes.
To investigate the atomic response of the medium, it is essential to characterize the propagation effects as well as possible so that they can be separated out. Our approach to this problem has been to minimize these effects. When harmonic signals emitted from different locations of the interaction region have mismatched phases, the destructive interference not only affects the overall signal but can strongly inhuence the angular distribution of the emission. This is especially true if the intensity of the driving field is high enough to ionize the medium. This article reports observations of high-order harmonic generation under conditions where propagation effects within the medium are unimportant, even when strong ionization occurs.
In most of the previous experiments, the integrated harmonic emission was measured. The angular (far-field) structure can provide additional information about the harmonic emission process. Recently, we [10, 11] [6, 12] have begun to examine the far-field distribution of the harmonics. Tisch et al. [6] have observed the angular distribution of high-order harmonics in He near the plateau cutoff.
In these and, to our knowledge, all other experimental observations, the gas target pressure was at least a few torr. Tisch et aI. found that harmonics that were not near the cutoff showed a central peak and wider, lower-intensity structure. Near the harmonic cutoff, the harmonics were vary narrow. They attribute the wide, low-intensity structure to the phase mismatch associated with the free electrons produced during ionization [6] .Salieres et al. [12] found that the far-field profile of harmonics generated in ten or more torr showed little far-field structure.
In contrast, we present measurements of the angular distributions of intermediate harmonic orders (11 -41) at gas target pressures of less than 1 Torr, where propagation effects from free electrons have a negligible effect on the harmonic far-field profiles [8, 9] . These far-field distributions of harmonics of a 1-p,m laser were emitted from Ar, Kr, and Xe.
The highest observed harmonic in each gas, respectively, was the 41st, 35th, and 29th. All of the harmonics showed a narrow forward peak with a width about one-third that of the laser or less. In addition, many of the harmonics showed broad wings surrounding the peaks with widths about the same as the laser profile. Because of the low gas pressure and large f number used, the structure cannot be due to macroscopic propagation effects in the medium. The wings are attributed to an intensity-dependent phase variation among the dipole moments of the individual target atoms. Such a phase variation gives rise to broad spatial interferences in the scattered light, since the laser intensity varies radially. These results were confirmed by performing a propagation calculation, similar to that of LHuillier et al. [7, 8] for our conditions.
The experimental setup is shown in Fig. 1 . The harmonics are observed with a transmission-grating spectrometer that provides spectral resolution in one dimension while preserving the angular distribution in the other. The laser used in this experiment has been described in detail elsewhere [13, 14] . The wavelength of the light was 1.054 p, m, and the pulse duration was monitored by autocorrelation on each shot with a nominal length of 1.4-ps full width at half maximum. Typical laser peak intensities for these experiments ranged from 3 X 10 to 3X10 W/cm . The Near the focus, the laser intersected a thin gas target [15] that provides a low-density, 1-mm gas distribution (cutaway view in Fig. 1 ). The target consists of two thin metal plates separated by a small gap wherein gas flows. A 0.5-mm hole drilled in the plates allows the laser to pass through without interacting with the metal plates. The density of the gas within the hole remains relatively high, while outside of the hole it disperses quickly. The gas density falls off by more than a factor of 10 at a distance of 1 mm from the hole openings. The target has been characterized experimentally, and the gas distribution is found to be in good agreement with Monte Carlo calculations based on free molecular flow [15] .
The harmonics produced in the interaction are collinear with the laser beam. The harmonics must be spectrally resolved without the incident laser pulse damaging the spectrometer. As shown in Fig. 1 In Fig. 2 the detector so that the wings could be easily seen. We determined that our microchannel plate (Galileo, model 8081) responds linearly over approximately one order of magnitude. We were able to study the characteristics of the far-field profiles over a much wider range because the gas target employed in these experiments allowed accurate control of the pressure. The harmonic signal was found to follow the quadratic pressure scaling law closely [11] . Figure 3 shows the angular profiles of the 13th, 15th, and 17th harmonics produced in Ar, Kr, and Xe. Each curve is an average of four shots taken with the 1-p,m grating employed in the spectrometer. The peak laser intensity for each gas was at approximately the level where strong ionization begins to occur (2X10, 1.2X10, and 8X10 W/cm, respectively). Different pressures were used for each gas so that the strength of the signal at the detector was the same. The prominent wings mentioned above can be seen for Xe on the 13th harmonic. The harmonic angular profiles in Kr and Ar have similar behaviors, but the wings in Kr are most pronounced on the 15th harmonic and in Ar on the 17th harmonic. The shift of the pattern with atomic species is evidence that the effect is a manifestation of atomic physics and not simply an artifact of propagation in the medium. The harmonic with the strongest wings for each gas has an energy close to the ionization potential (one plus a fraction of a harmonic above). Owing to the much larger cone angle, the wings typically have about three times the energy associated with the central peaks. The fact that the harmonic far-field profiles have widths comparable to the laser's profile, implies that either the harmonic generation is localized within the interaction region to an area q times smaller than the laser beam where q is the harmoni" order, or there is a strong phase variation of the harmonic wave front as it exits the medium. The scenario of a very small interaction region can be dismissed because it implies extreme sensitivity of the overall harmonic production to the laser intensity (proportional to intensity to the q power) that is certainly not the case in the regime where we are operating (the region of the harmonic plateau where many harmonic orders are produced with approximately the same efficiency). The alternative, a phase variation in the harmonic beam wave front, can arise from propagation effects within the atomic medium or from an intensitydependent phase in the production at the atomic level due to the radial laser intensity variation. Because we have minimized propagation effects within the medium, we can conclude unambiguously that the broad wings in our harmonic far-field patterns cannot be due to macroscopic propagation effects and are probably the result of intensity-dependent phase variations at the atomic level. [1] (including the temporal evolution) for a variety of conditions, as will be explained. All of the calculated curves have been convolved with our detector angular resolution of 1 mrad.
In the intensity range of the harmonic plateau, harmonic production increases only gradually with the laser intensity. Figure 4 (b) shows two far-field patterns, calculated assuming that harmonic production is proportional to II' (p=2) and that the phase of the harmonic when created is q times the local phase of the laser regardless of intensity (q=13).
Similar assumptions were used by L'Huillier to show geometric effects in the propagation of harmonics within the atomic medium [1, 16] . The solid line is calculated assuming a uniform gas target thickness of l=b/13, where b is the laser confocal parameter (our experimental condition), and the dotted line is calculated using I = b. In both calculations, the target is centered at the laser focus. rate is taken to be proportional to I" (lowest-order perturbation theory for Xe), and the peak intensity was chosen to be twice the ionization saturation intensity to ensure strong ionization. The result, which is not sensitive to the details of the ionization model, shows that ionization cannot explain the broad wings seen in our data. The small bumps to either side of the central peak are the result of atomic depletion in the interaction region and not the result of phase mismatch due to free electrons. This is because the phase mismatch over 1 mm due to free electrons at 0.3 Torr for the 13th harmonic is 0.1m. In contrast, the phase mismatch due to free electrons at 3 Torr for the 91st harmonic is 37r [6] . While the anharmonic oscillator presented above is not intended to model a real atom very closely, it is given as an example to show the behavior characteristics of nonlinear systems. A strong intensity-dependent phase variation is a feature common to many high-harmonic-generation models [1,3,5, 16 -18] and the anharmonic oscillation is qualitatively similar to these models. These phase variations play an im-R909 portant role in determining the spatial characteristics and coherence of high harmonics emitted from a laser focus. In summary, the most important finding of this work is the occurrence of broad wings that appear in the far-field pattern of nearly every high harmonic. Because other possible origins for these wings can be discounted for our conditions, we conclude that the phase of the dipole response has a strong laser-intensity dependence. Since the laser intensity varies radially in the interaction region, this intensity dependence implies a radial variation for phase of the dipole emission.
Such phase variations can cause the harmonic light to interfere in the far field, leading to broad wings observed. A strong intensity-dependent phase of the atomic dipole response is a feature common to many high-harmonic generation models.
